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Abstract: Two poly(propyleneimine) dendrimers bearing up to 32 photoisomerizable azobenzene groups in
the periphery have been used as potential hosts for eosin Y (2′,4′,5′,7′-tetrabromofluorescein dianion). The
all-E azobenzene dendrimers can be reversibly switched to theirZ form by light excitation. Both theE and
Z forms of the dendrimers quench the eosin fluorescence by a static mechanism. The quenching is most
likely due to an electron-transfer reaction between the singlet excited state of eosin and the tertiary amine
units present along the branches of the dendrimers. Quenching by theZ form of the dendrimers is more
efficient than quenching by theE form. TheE f Z andZ f E photoisomerization reactions of the azobenzene
units of the dendrimers are sensitized by eosin via a triplet-triplet energy transfer mechanism. The results
obtained indicate that eosin is hosted by the dendrimers and suggest that theZ forms are more efficient hosts
than theE forms.

Introduction

Cascade molecules,2 nowadays commonly called dendrimers,3

are well-defined, highly branched macromolecules constructed
from an initiator core upon which radially branched layers,
termed generations, are covalently attached. Potentially im-
portant practical applications of dendrimers are related to the
possibility of encapsulating guest molecules.4 Examples of
dynamic5 and static4 guest encapsulation have already been
reported. In particular, Meijer et al.4,6 have shown that when
poly(propyleneimine) dendrimers bearing a bulky shell of 64
amino acids in the periphery (dendritic boxes) are constructed
in the presence of guest molecules, such molecules can be
irreversibly imprisoned into internal cavities of the dendrimer
and then site-selectively liberated by suitable chemical reac-
tions.7

For practical applications (e.g., drug delivery), a dendritic
box should be opened and closed reversibly by means of a
simple, external stimulus. Light is a particularly useful and
efficient stimulus to cause reversible structural changes in
molecular and supramolecular systems.8 We are therefore
engaged in a research program aimed at the synthesis and

characterization of dendrimers containing light switchable
units.9

It is well-known that azobenzene-type compounds undergo
an efficient and fully reversible photoisomerization reaction.10

For this reason, they have been extensively used to construct
photoswitchable devices.8,11 We have found that the thermo-
dynamically stableE isomers of the azobenzene groups con-
tained in the periphery of poly(propyleneimine) dendrimers
(para, P, andmeta, M , carboxamide substituted; first,G1, and
fourth, G4, generations; Figure 1) are reversibly switched to
theZ form by 313 nm light and can then be converted back to
the E form by irradiation with 254 nm light or by heating.9

Other research groups have investigated the isomerization of
dendrimers containing an azobenzene as the central linker.12

Isomerization of azobenzene units involves a large structural
rearrangement (Figure 2a). In going from theE to theZ isomer,
the distance between thepara carbon atoms of azobenzene
decreases from 9 to 5.5 Å and the dipole moment increases
from 0 (since theE form is planar and symmetric) to 3.0 D.10b

Structural changes in the peripheral units of a dendrimer (Figure
2b) can modify the surface properties and, in large architectures,
can also cause rearrangements in the internal cavities. For all
these reasons, we thought that dendrimers bearings azobenzene
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groups in the periphery could play the role of photoswitchable
hosts.

To investigate this possibility, we have examined the
photochemical and photophysical properties of solutions con-

taining dendrimers and the potential host eosin Y (2′,4′,5′,7′-
tetrabromofluorescein dianion; hereafter simply called eosin,
Figure 1). The reason for choosing eosin was 2-fold: (i) its
strong fluorescence,13 which could be affected in case of

Figure 1. First (G1) and fourth (G4) generation dendrimers.P andM indicatepara andmetacarboxamide substitution. The structure of eosin is
also shown.

Figure 2. Photoisomerization of azobenzene and of the fourth generation dendrimers bearing 32 photoisomerizable azobenzene groups in the
periphery.
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inclusion in the dendrimer, and (ii) the energy of its lowest triplet
state,13 which is higher than that of the lowest azobenzene triplet
state14 and could therefore sensitize the photoisomerization
reactions of the peripheral units of the dendrimer.

Experimental Section

All the experiments were carried out in dimethylformamide (DMF)
solution at 293 K, unless otherwise noted. The preparation and
characterization of the dendrimers and the equipment used were
described in a previous paper.9,15

Procedure. To perform quenching and sensitization experiments
and to compare the results obtained with molecules as different as
azobenzene and the fourth generation dendrimers which contain up to
32 azobenzene units, we chose very carefully the experimental
conditions. Limitations were imposed by (i) the need to use the same
irradiation wavelength to minimize experimental errors on the rate of
the photochemical reactions, (ii) a partial overlap between the spectra
of eosin and azobenzene chromophoric groups at the irradiation
wavelength (vide infra), (iii) the need to use spectrophotometric analysis
to follow the photoisomerization reaction,10 and (iv) self-association
of eosin molecules at high concentrations.16 The conditions in which
the experimental errors could be minimized were as follows: eosin
concentration 5.0× 10-6 M and azobenzene concentration 1.6× 10-3

M, corresponding to an absorbance of 0.95 at 450 nm. To keep constant
the number of azobenzene units in the experiments involving the G1
and G4 dendrimers, the concentration of the dendrimers was adjusted
so as to have the same absorbance of the 1.6× 10-3 M azobenzene
solutions. This means that the theoretical15 concentration of the G1
and G4 dendrimers was 4.0× 10-4 and 5.0× 10-5 M, respectively.

Correction of eosin fluorescence intensity for inner filter effects was
performed as indicated in the literature.17,18 Irradiation was performed
at 365 nm for the conversion of theE to theZ form and at 545 nm for
the study of the kinetics of theE f Z andZ f E photoisomerization
processes. The reactions were followed by the absorbance changes in
the maximum of the n-π* absorption bands (450 and 435 nm for the
E andZ form, respectively). In the direct photoisomerization experi-
ments, the initial absorbance of the solution was<0.1, so that the
photochemical reactions followed a first-order rate law. The photo-
sensitization of the isomerization reaction by excited eosin was a
pseudo-first-order process since its rate depended on the concentration
of the azobenzene species.

Experiments on solutions containing concentrations of the various
species different from those stated above were not performed because
of the large experimental errors expected and the impossibility of
making direct comparisons with experiments carried out in the selected
conditions.

Results and Discussion

Absorption Spectra. The absorption spectrum in the visible
region of a 5.0× 10-5 M solution of the fourth generationpara-

carboxamine-substituted azobenzene dendrimer bearing up to
32 azobenzene units in theE form (E-PG4) is shown in Figure
3 (curve a). The band withλmax ) 450 nm (ε ) 1.9 × 104

M-1 cm-1) is due to the nfπ* transition of the azobenzene
units.10 The spectrum of 5.0× 10-6 M eosin in DMF solution
is shown in Figure 3 (curve b). The intense band in the visible
region (λmax ) 535 nm;ε ) 1.0 × 105 M-1 cm-1) is slightly
affected by concentration because of formation of molecular
aggregates.16 The spectrum of a solution containing bothE-PG4
and eosin (Figure 3, curve c) is identical, within experimental
error, to the sum of the spectra of the two separated compounds.
Upon irradiation of theE-PG4 solution with 365 nm light, a
photostationary state is reached in which more than 95% of the
azobenzene groups are in theirZ form. The spectrum of a
solution containing 5.0× 10-5 M Z-PG4 and 5.0× 10-6 M
eosin (Figure 3, curve d) is again identical, within experimental
error, to the sum of the spectra of the two separated compounds.
Similar results have been obtained in the case ofE-MG4 and
Z-MG4. These results show that the interaction between the
two species, if any, is clearly too weak to affect the absorption
spectra.

Quenching of Eosin Fluorescence.Eosin displays a strong
fluorescence band in the red region of the spectrum (in water:
λmax ) 570 nm,Φ ) 0.69,τ ) 3.6 ns;10 in DMF: λmax ) 560
nm, τ ) 3.8 ns). The inset to Figure 3 shows the fluorescence
band of solutions containing eosin alone (curve b) and eosin in
the presence ofE-PG4andZ-PG4 (curves c and d, respectively).
Clearly, the intensity of the fluorescence band is much smaller
when the dendrimers are present. When theE-PG4andZ-PG4
dendrimers were replaced by 32 times more concentrated
azobenzene (to keep the number of azobenzene units ap-
proximately constant), no quenching was observed within the
experimental error. The corrected fluorescence intensity data
obtained for the examined compounds are shown in Table 1.
As one can see, the quenching is smaller for the first generation
dendrimer, whose concentration was 8 times higher than that
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Figure 3. Absorption spectra of DMF solutions containing (a) 5.0×
10-5 M E-PG4, (b) 5.0× 10-6 M eosin, (c) 5.0× 10-5 M E-PG4 and
5.0 × 10-6 M eosin, and (d) 5.0× 10-5 M Z-PG4 and 5.0× 10-6 M
eosin. The inset shows the fluorescence band of solutions containing
eosin alone (curve b) and eosin in the presence ofE-PG4 andZ-PG4
(curves c and d, respectively).

Table 1. Quenching of the Eosin Fluorescencea

compd E form Z form

azobenzeneb 97 100
PG1c 92 90
PG4d 67 50
MG4d 90 66

a Corrected fluorescence intensities, compared to the fluorescence
intensity of eosin alone taken as 100%. Eosin concentration, 5.0×
10-6 M. DMF solution, 293 K. The experimental error is estimated to
be 5%.b 1.6 × 10-3 M. c 4.0 × 10-4 M. d 5.0 × 10-5 M.

Toward Photoswitchable Dendritic Hosts J. Am. Chem. Soc., Vol. 120, No. 47, 199812189



of the fourth generation compounds. In the assumption of a
dynamic quenching mechanism, we can use the Stern-Volmer
equation19 to evaluate the quenching constants. With use of
the data of Table 1, the measured eosin lifetime, and the
concentration of the fourth generation dendrimers, values in the
range of 5× 1011 to 5 × 1012 M-1 s-1 are obtained, which are
much higher than the diffusion controlled limit (about 7× 109

M-1 s-1 for DMF solution at 298 K).13 This, of course, shows
that a dynamic quenching mechanism is implausible. Further-
more, in the case of a dynamic mechanism, the fluorescence
lifetime should be affected in parallel with the fluorescence
intensity,19 but we found that the quenching of the fluorescence
intensity by the fourth generation dendrimers is not accompanied
by any change in the fluorescence lifetime. These results clearly
show that the observed fluorescence quenching does not occur
by diffusion, but by a static mechanism implying association
between the eosin and dendrimer.

The static quenching of the eosin fluorescence intensity in
the presence of the dendrimers could be due either to a change
in the rate constants of the intrinsic radiative and/or nonradiative
deactivation processes of the dye caused by the different
“solvation” enviroment in the dendrimer pockets or to a true
quenching process by energy or electron transfer. In the first
case, however, the fluorescence lifetime would most likely
change, contrary to what we observed. Therefore, we consider
the possibility of a static energy or electron-transfer quenching.
The fluorescent excited state of eosin (whose energy is 2.17
eV)13 lies below the lowest singlet excited state of the azoben-
zene units, as it clearly appears from the absorption spectra
shown in Figure 3. Therefore, quenching of the eosin fluores-
cent singlet excited state by energy transfer to the azobenzene
chromophoric units would imply formation of triplet azoben-
zene, a process which, being spin forbidden for both Coulombic
and exchange energy transfer, is likely too slow to compete
with the short lifetime (3.8 ns) of the excited eosin singlet. On
the other hand, energy transfer to the amine units present in
the branches of the dendrimer is not possible because such units
do not have energy levels which lie below the excited eosin
singlet.

As far as electron-transfer quenching is concerned, it should
be pointed out that both eosin and azobenzene are relatively
difficult to oxidize and to reduce (for eosin in water,E°(Eos/
Eos-) ) -0.85 V,E°(Eos+/Eos)) +1.1 V;20 for azobenzene,
E°(Az/Az-) ) -1.36 V vs SCE in DMF,21 whereas no oxidation
process is reported in the literature). Since the energy of the
fluorescent excited state of eosin is only 2.17 eV, a fast electron-
transfer quenching reaction involving the azobenzene units does
not seem plausible since, judging from the above-mentioned
electrochemical data, both the reductive and the oxidative
quenching processes do not appear to be exergonic.22 The amine
units present in the branches of the dendrimer, however, are
easily oxidized. Triethylamine, which is a good model for the

amine units of the dendrimers, undergoes an irreversible
oxidation process withEp ) +0.65 V vs Ag-AgNO3.21 On
the basis of the excited-state energy and electrochemical data,
the reductive quenching of the excited state of eosin by the
amine units is considerably exergonic22 and it can therefore
account for the observed quenching process.23

In any case, the important point is that fluorescence quenching
occurs by a static mechanism, so that we can conclude that the
quenchable eosin molecules are hosted inside the dendrimer.
The results obtained (Table 1) show that the minimum value
for the fraction of eosin molecules hosted inZ-PG4 is 50%. It
is interesting to note that for both thePG4andMG4 dendrimers
the quenching ability (which is related to the hosting ability)
of the Z form is higher than that of theE form.

Direct and Eosin-Sensitized Photoisomerization of the
Azobenzene Units. Irradiation ofE-PG4 in DMF solution with
545 nm light caused theE f Z isomerization reaction of the
azobenzene units. For short irradiation times (i.e., until there
is no appreciable absorption by the Z isomer product), the
reaction was first order, with a rate constant of 6.3× 10-3

min-1. Irradiation of a solution containing 5.0× 10-5 M Z-PG4
and 5.0× 10-6 M eosin, where the 545 nm excitation light is
absorbed by both components (Figure 3, curve c), caused a
pseudo-first-order isomerization reaction with a rate constant
of 9.7× 10-3 min-1. The increase in the rate constant compared
to the direct photoreaction indicates that the light absorbed by
eosin is effective to cause isomerization. Similar experiments
were carried out for other compounds, for the backZ f E
photoisomerization (λirradiation) 545 nm, Figure 4), and for both
aerated and deaerated solutions. The results obtained, gathered
in Table 2, show that (i) all the compounds undergo directE f
Z andZ f E photoisomerization, (ii) the light absorbed by eosin
is effective to promote the photoisomerization reactions (sen-
sitized photoisomerization), (iii) the sensitized reaction is more
efficient in the case of theZ f E isomerization, as it usually
happens for azobenzene-type compounds,10,24(iv) the efficiency
of the sensitized reaction is different for the various compounds
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aqueous Systems; Dekker: New York, 1970.
(22) For an excited-state electron-transfer reaction

A* + B f A- + B+ (reductive quenching)

the thermodynamic driving force can be estimated from the approximate
equation:

∆G° ) -∆E°° - E(A/A-) + E(B+/B)

whereE(A/A-) andE(B+/B) are the energies (in eV) of the one-electron-
reduction processes, and∆E°° is the excited-state spectroscopic energy.19

An equivalent equation can be written for the oxidative quenching.

(23) Photosensitized oxidation of tertiary aliphatic amines by eosin has
been observed: Bartholomeu, R. F.; Davidson, R. S.J. Chem. Soc. (C)
1971, 2347.

Figure 4. Curve a is the spectrum of a solution containing 5.0× 10-5

M E-PG4 and 5.0× 10-6 M eosin. Curve b is the spectrum recorded
after prolonged irradiation of theE form at 365 nm, when the
photostationary state containing>90%Z form is obtained. Curve c is
the spectrum obtained upon excitation of theZ form at 545 nm up to
a new photostationary state. Leaving the solution in the dark, curve c
goes back to curve a because the fraction ofZ form present in the
photostationary state under 545 nm excitation is transformed to the
stableE form.
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(vide infra), and (v) the rate constant of the sensitized photoi-
somerization reaction depends on the presence of dioxygen,
whereas this is not the case for the direct photoreaction. These
observations show that, from a qualitative viewpoint, the
azobenzene units of the dendrimers behave like free azobenzene
molecules.10

As mentioned above, the rate constants reported in Table 2
for the direct photoreactions have been obtained with exactly
the same absorbance at the excitation wavelength for all
compounds to minimize the experimental errors. This means
that the same number of azobenzene units were present in each
case, but the concentration of the fourth generation dendrimers
was 8 times lower than that of the first generation dendrimers
and 32 times lower than that of azobenzene. Even under such
“normalized” conditions, the values of the rate constants cannot
be directly compared because it is known that the quantum yield
of the direct photoreaction of azobenzene-type compounds is
influenced by ring substituents. Therefore, only the data for
PG1 andPG4 are really homogeneous and the fact that they
are substantially the same indicates that the dendrimer dimen-
sions have no effect on the direct photoisomerization reactions
of the azobenzene-type units.

In the photosensitized reactions, the eosin concentration was
constant and the concentration of the fourth generation den-

drimers was again 8 times lower than that of the first generation
dendrimers and 32 times lower than that of azobenzene. Under
such conditions, the fractions of incident light absorbed by eosin
(56%) and by the azobenzene units (12%) were the same in all
experiments. At first sight, the fact that the rate constants are
very close in all cases (in particular, practically equal for PG1
and PG4) might appear unreasonable because of the different
concentrations of the acceptor species involved in the energy
transfer process. The simplest explanation is that the eosin
triplet is so long-lived13 that it is completely scavenged in all
cases. Another possibility is that there is an effect related to
the dendrimer dimension that counterbalances the differences
in concentration. For example, in the larger dendrimers eosin
triplets may be more effective because, as shown by the
fluorescence quenching experiments, there are eosin molecules
contained in the dendrimer cavities which might have a higher
probability to react with azobenzene units compared to what
would happen in a normal diffusion process. Unfortunately,
experimental difficulties related to the components of our
systems (see above) did not allow us to investigate this problem.

Conclusions

We have found that in DMF solutions containing eosin and
poly(propyleneimine) dendrimers of the fourth generation
bearing up to 32 photoisomerizable azobenzene groups in the
periphery (i) the lowest singlet, fluorescent excited state of eosin
is quenched by the amine units contained in the branches of
the dendrimers and (ii) and theE f Z andZ f E photoisomer-
ization reactions of the peripheral azobenzene units are sensitized
by triplet eosin. The fluorescence quenching experiments show
that eosin is hosted in the dendrimers and suggest that theZ
forms of the fourth generation dendrimers are better hosts than
the E forms.
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Table 2. Photoisomerization Reactionsa

E f Z Z f E

compd directb sensitizedc directb sensitizedc

azobenzene 3.6 (3.4) 8.6 (7.2) 4.3 (4.0) 18 (12)
PG1d 5.9 (5.5) 7.6 (6.6) 8.0 (8.0) 24 (14)
PG4e 6.3 (6.7) 9.7 (7.5) 9.8 (9.8) 26 (18)
MG4 f 3.8 (3.5) 8.3 (6.4) 4.5 (5.7) 25 (11)

a Initial pseudo-first-order rate constant×103 min-1. Deaerated DMF
solutions, 293 K. Excitation with 545 nm light. Maximum conversion,
7-10%. Values in parentheses refer to air-equilibrated solutions. The
experimental error is estimated to be 10%.b Initial fraction of absorbed
light: 61%. c Eosin concentration: 5.0× 10-6 M. Initial fraction of
absorbed light: eosin, 56%; azobenzene units, 12%.d 1.6 × 10-3 M.
e 4.0 × 10-4 M. f 5.0 × 10-5 M.
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